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Balloon dilation was attempted in 16 patients, aged 5
months to 19 .5 years, with right ventricular outflow ob-
struction after repair of congenital heart defects . Stenosis of
a valved conduit between the pulmonary ventricle and
pulmonary artery was present in nine patients with a mean
transvalvular peak systolic ejection gradient of 61 .6 ± 1 .0
mm Hg and a mean right ventricle to aorta pressure ratio of
0.9 ± 0 . . Supravalvular pulmonary stenosis was present in
seven patients; in five, stenosis was at the anastomotic site
after the arterial switch operation with a mean peak systolic
ejection gradient of 7 . ± 10.6 mm Hg and mean right
ventricle to aorta pressure ratio of 0.93 ± 0.05 . The other
two patients had stenosis at a previous pulmonary artery
band site with a peak systolic ejection gradient of 60 and 65
The increased number of patients undergoing complete
repair of complex heart defects has created a larger popula-
tion of patients with postoperative right ventricular outflow
obstruction. Among these are patients who underwent repair
with use of a bioprosthetic valved conduit (1-5), the arterial
switch operation for transposition of the great arteries (6-9)
and complete repair after initial palliation with a pulmonary
artery band (10-1 ) . Some of these patients will need repeat
operations for postoperative right ventricular outflow ob-
struction .
The increased experience with balloon dilation of stenotic
native valves, including calcified valves, and with postoper-
ative arch obstructions (13-17), and recent reports (18- 0),
suggesting that balloon dilation may serve to postpone
surgical replacement of bioprosthetic valved conduits have
encouraged us to review our experience with balloon dilation
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mm Hg and right ventricle to aorta pressure ratio of 0 .75
and 0 .7 , respectively .
Balloon dilation was successful in three of nine patients
with a valved conduit ; two of them had additional success-
ful balloon dilation of the right pulmonary artery . In five of
the nine patients (including one with successful dilation) the
conduit was replaced 5.7 ± 4.5 months after balloon
dilation . Balloon dilation was successful in only one of the
five patients with supravalvular pulmonary stenosis after
the arterial switch operation and partially successful in the
two patients with supravalvular pulmonary stenosis at a
previous band site . The success rate of balloon dilation of
postoperative right ventricular outflow obstruction is much
lower than that for other right heart obstructions .
(J Am Coll Cardiol 1989 ;14 :401-8)
401
of postoperative right ventricular outflow obstruction in
these groups of patients .
Methods
Study patients. Between June 1984 and October 1988, 16
patients, 11 male and 5 female, underwent attempted balloon
dilation of postoperative right ventricular outflow obstruc-
tion .
Valved conduit between the pulmonary ventricle and
pulmonary artery (Table 1) . The conduit was stenosed in
nine patients who ranged in age from 1 .3 to 19 .5 years (mean
1 . ± 6.9) . Balloon dilation was attempted 0 .6 to 11 .5 years
(mean 5 .3 ± 4.5) after insertion of the conduit at the age of
0.1 to 15 years (mean 6 .8 ± 4 .8) . A glutaraldehyde-fixed
porcine valved conduit (Hancock [n = 4], Tascon [n = 3],
Carpentier-Edwards [n = 1]) was in situ in eight patients and
an antibiotic sterilized aortic homograft in the other. The
conduits were 11 to 5 mm in diameter . The repaired
congenital heart defects included tetralogy of Fallot alone (n
= 1) or with pulmonary atresia (n = 6), d-transposition of the
great arteries with ventricular septal defect and pulmonary
stenosis (n = 1), and truncus arteriosus type 1 (n = 1) .
0735-1097/89/$3 .50
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Table 1
. Valved Conduit Balloon Dilation : Clinical Summary of Nine Patients
Supravalvular pulmonary stenosis (Table ) . Stenosis
was present at the anastomotic site in five patients who
underwent the arterial switch operation for transposition of
the great arteries as newborns . They ranged in age from 5 to
58 months (mean 17 .8 ± .7) and had undergone their
corrective operation 5 to 58 months (mean 17 .7 ± .7)
earlier .
Supravalvular pulmonary stenosis at a previous pulmo-
nary artery band site (Table ) . This obstruction was present
in the other two patients, aged 16 and 18 years, respectively .
One of these patients underwent pulmonary artery banding
at age 8 days for intractable congestive heart failure second-
ary to large ventricular and atrial septal defects ; closure of
these defects and pulmonary artery debanding were later
performed at age 4 years . The other patient underwent
pulmonary artery banding at age 7 months for a large
ventricular septal defect . At age 5 years, he underwent
ventricular septal defect closure and pulmonary artery de-
banding, and at age 1 years pulmonary artery plasty at the
previous band site. These two patients underwent the bal-
Table . Balloon Dilation of Supravalvular Pulmonary Stenosis-Clinical Summary of Seven Patients
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Aop = aortic pressure : Cath = cardiac catheterization : CHD = congenital heart defect ; F = female ; M = male : PA = pulmonary atresia ; Post-op =
postoperative ; PS = pumonary stenosis : PVO = pulmonary vascular disease ; RVp = right ventricular pressure : TGA = transposition of the great arteries : ToF
tetralogy of Fallot ; VSD = ventricular septal defect .
loon dilation attempts 6 and 1 years, respectively, after
their last operation .
Patient selection criteria included symptoms of right-
sided heart failure or a right ventricular outflow tract gradi-
ent producing right ventricular pressure >60% of aortic
pressure, or both. No patients with similar obstructions and
comparable degrees of obstruction were referred for surgical
repair without an initial attempt at balloon dilation during
this period, regardless of anatomy .
Balloon dilation technique . Informed consent was ob-
tained before each procedure . A full hemodynamic evalua-
tion was initially performed including oxygen consumption
measurement (MRM-L- , Waters Instruments) . A careful
withdrawal pressure tracing from the branch pulmonary
arteries to the right atrium was recorded to identify the
precise sites of obstruction, frequently with use of a double
pressure balloon catheter (Arrow) . Right ventricular, con-
duit or main pulmonary artery cineangiograms were per-
formed in the frontal and lateral projections . Then a 7F
end-hole catheter was advanced to a branch pulmonary
ASD = atrial septal defect
: ASO = arterial switch operation ; IVS = intact ventricular septum
: PA = pulmonary artery : other abbreviations as in Table l
.
Patient
No . Gender CHD Type of Operation
Age at
Cath
Interval
Post-op Indications Outcome (mo since cath)
I F TGA, VSD ASO
5 mo 5 mo Gradient
Pulmonary homograft (6)
F TGA
.IVS ASO 13 mo 1 .5 mo
Gradient Supravalvular patch (3)
3 F TGA,IVS ASO
7 mo 7 mo Gradient Supravalvular patch (0)
4 F TGA, VSD
ASO 58 mo 58 mo
Gradient Awaits operation
5 M
TGA,IVS ASO 6 mo
6 mo Gradient Doing well
6 M VSD
VSD closure, 18 yr 6 yr Gradient
Doing well
PA debanding,
PA plasty
7 M ASD, VSD
VSD/ASD closure . 16 yr 1 yr
Gradient Doing well
PA debanding
Patient
No . Gender
CHD
Type and Size of
Conduit/Valve
Age at Cath
(yr)
Interval
Post-op
(yr) Indications Outcome (mo since cath)
1 M ToF, PA 18 Hancock 19 .5 11 .5 Gradient . RVp > Aop Conduit replacement (1
)
M ToF . PA 18 Hancock 10 5 Gradient, RVp > Aop Conduit replacement (3)
3
M TGA, VSD. PS 1 Tascon 3 .5 1 .5 Gradient, RVp = Aop Conduit replacement (5)
4 M ToF, PA 14 Tascon 7 1 Gradient, RVp = Aop Doing well
5 M ToF, PA 14 Tascon 15 .6 0 .6 Symptoms, gradient
RVp > Aop
Conduit replacement (0 .5)
6 M ToF 0 Carpentier-Edwards 19 .5 7 Gradient PVO left lung
7 F ToF . PA 0 Hancock 18 9 Symptoms Conduit replacement (8)
8
M Truncus
arteriosus
I I Aortic homograft 1 .3 1 .
Gradient Doing well
9 M ToF . PA 5 Hancock 15 II Gradient Doing well
JACC Vol . 14, No
.
August 1989
:401-8
Table 3. Hemodynamic Data in Nine Patients Undergoing Conduit Balloon Dilation
artery (usually the left), and a 60 cm long, 0 .035 or 0 .038 in
Teflon-coated exchange guide wire was positioned in the
branch pulmonary artery as distally as possible .
The initial balloon diameter (10 to 5 mm) was selected to
be about twice the narrowest site estimated from videotapes :
the actual diameters ranged from 140 to 310% (mean 01 ±
48%) of the measured stenotic segment . The balloon catheter
was then advanced over the wire and its mid portion was
positioned at the stent of the biosprosthetic valve or at the
narrowest area in the main pulmonary artery . The location
was confirmed fluoroscopically with low pressure inflation
to atm) . In two patients with a bioprosthetic valved
conduit, balloon dilation of a proximal branch pulmonary
artery stenosis was attempted first . In one patient with
supravalvular pulmonary stenosis and proximal right pulmo-
nary artery narrowing, balloon dilation of both lesions was
performed simultaneously . Under continuous fluoroscopic,
electrocardiographic and systemic pressure monitoring, the
balloon was inflated until the "waist" disappeared or to the
maximal allowable pressure (varying from 4 to 8 atm depend-
ing on the balloon used) for 5 to 0 s and then rapidly
deflated . If no waist was seen, the next largest balloon size
was chosen . In no case was a balloon larger than the
diameter of the conduit . One to three inflations were per-
formed at each size. After the dilation, the balloon catheter
was removed, pressure and oxygen saturation measure-
ments were repeated and a postdilation right ventriculogram,
conduit or pulmonary artery cineangiogram was performed
in most patients with use of a pigtail catheter positioned over
the wire and a Y adaptor (U.S .C.I . Angiographic Systems
Division). If the waist remained unchanged despite inflation
to high pressure and there was no angiographic improvement
ZEEVI ET AL .
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A = aorta ; LPA = left pulmonary artery ; Post = after : Pre = before ; PSEG = peak stystolic ejection gradient ; RPA = right pulmonary artery : RV = right
ventricle : other abbreviations as in Table 1 .
on the postdilation angiogram, the lesion was considered to
be undilatable and the procedure was terminated .
Our criterion for a successful balloon dilation procedure
was >_50% reduction of the peak systolic ejection gradient or
a 50% increase in the diameter of the stenotic area .
Results
Bioprosthetic valved conduits (Table 3) . Before dilation,
the right ventricle to aorta pressure ratio in these nine
patients ranged from 0 .6 to 1 . (mean 0 .9 ± 0 . ) and the
transvalvular peak systolic ejection gradient from 38 to 100
mm Hg (mean 61 .6 ± 1 .0) . With use of these criteria, three
patients had a successful balloon dilation procedure with
reduction of the transvalvular gradient from 38 to 16 mm Hg,
5 to 5 mm Hg and 70 to 1 mm Hg (58%, 5 % and 83%
reduction, respectively) . The right ventricle to aorta pres-
sure ratio decreased from I to 0 .4, 0 .7 to 0 .57 and 1 . to 0 .7,
respectively. In each successfully dilated conduit obstruc-
tion, the obstruction was primarily at the valve . In two
patients, additional successful balloon dilation of the right
pulmonary artery was performed .
In five of the other six patients, no transvalvular gradient
reduction was achieved, and the sixth had a decrease of only
37%. Another additional site of obstruction was present in
eight of the nine patients: at the proximal anastomosis of the
conduit in five, at the distal anastomosis in two and at a
branch pulmonary artery in four . The balloons, of necessity,
also dilated both proximal and distal obstructions unsuccess-
fully .
There was no significant difference in the balloon/valve
ratio in the successful and unsuccessful cases . The diameter
Patient
No .
RV/Ao
Pressure
Ratio
PSEG
Across
Valve
(mm Hg)
% Gradient
Reduction
"Waist"
Angiographic
Largest
Balloon
Size
Balloon/Conduit
Ratio
Associated
Obstructions
Pre Post Pre Post Size (mm) Pre Post
1 1 .0 1 .0 100 95 0 8 .5 + + 18 .1 Proximal anastomosis
1 .1 1 .1 48 30 37 1 .5 - - 18 1 .4 Proximal anastomosis .
RPA
3 1 .0 0 .9 60 60 0 6 .4 10 1 .6 Proximal and distal
anastomosis, LPA
4 1 .0 0 .4 38 16 58 13 . + - 18 1 .4 RPA
5 1 .1 1.1 86 83 0 5 .6 15 .7 Distal anastomosis
6 0 .7 0 .7 6 6 0 1 18 1 .5 Proximal anastomosis
7 0 .7 0 .57 5 5 5 10 .7 + - 0 1 .9 Proximal anastomosis .
RPA
8 0 .6 0 .6 38 38 0 5 .7 10 1 .75
9 1 . 0 .7 70 1 83 11 .0 + - 0 1 .8 Proximal anastomosis
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A
Figure 1 . A, Lateral right ventricular cineangiogram demonstrates
severe stenosis of a 14 mm valved conduit (arrow) in a patient with
tetralogy of Fallot and pulmonary atresia after complete repair . B, A
15 mm balloon dilation catheter fully inflated in the conduit did not
relieve the obstruction .
of the narrowest site ranged from 5.6 to 13 . mm (mean 9 .5
± 3 .0), and the balloon valve ratio ranged from 1 .4 to .7
(mean 1 .8 ± 0 .4) (Fig . 1) . In an unsuccessful attempt (Patient
8, Table 3) no waist was seen in the valve area during
complete inflation of a 10 mm balloon catheter .
In five of the nine patients, including one with successful
dilation, the conduit was replaced 0 .5 to 1 months (mean 5 .7
4.5) after balloon dilation ; one patient awaits replacement .
The 1 .5 year old boy with the repaired truncus arteriosus and
obstructed homograft is asymptomatic and is being moni-
tored clinically .
Pathologic findings . Of the three valved conduits that
were examined postoperatively, one had no calcification of
the valve but diffuse and thick intimal proliferation, one had
old organized vegetative endocarditis with multiple areas of
conduit obstruction and one had extensive valvular calcifi-
cation .
Supravalvular pulmonary stenosis after arterial switch
operation (Table 4) . Before dilation, the right ventricle to
aorta pressure ratio in these five patients ranged from 0 .86 to
1 .0 (mean 0.93 ± 0 .05) and the peak systolic ejection
gradient ranged from 60 to 85 mm Hg (mean 7 . ± 10.6) .
The angiographic size of the narrowest site in the main
pulmonary artery ranged from 4 .4 to 6 .0 mm (mean 4 .9
0.7) and the balloon/stenotic lesion ratio ranged from .0 to
3.1 (mean .4 ± 0.4) .
As assessed by the same criteria used for the valved
conduits, one of the five patients had a successful proce-
dure . This patient had systemic right ventricular pressure
with a peak systolic ejection gradient of 79 mm Hg between
the proximal main and distal right pulmonary artery . Angio-
graphically, he had severe narrowing of the main pulmonary
artery at the anastomotic site as well as proximal right and
left pulmonary artery stenosis . With use of the same balloon
catheter for simultaneous dilation of the proximal right and
main pulmonary artery lesions, the right ventricular pressure
decreased to 44% of systemic pressure and the peak systolic
ejection gradient to 0 mm Hg (75% reduction) . Angiograph-
Table 4 . Hemodynamic Data in Seven Patients Undergoing Balloon Dilation of Supravalvular Pulmonary Stenosis
PA = pulmonary artery ; Prox . = proximal ; VPS = valvular pulmonary stenosis ; other abbreviations as in Tables
I to 3 .
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Patient
No . Operation
RV/Ao
Pressure
Ratio
PSEG
(mm Hg)
% Gradient
Reduction
"Waist"
Angiographic
Largest
Balloon
Size
Balloon/Narrow
Site Ratio
Associated
ObstructionsPre Post Pre Post Size (mm) Pre Post
I ASO 0 .86 0.59 74 46 38 4 .4 + +
10 .3 -
ASO 0 .95 0.74
85 55 35 6 .0 + + 1 .0 Prox . RPA/VPS
3 ASO 0 .90 0.90 63 58 1 4 .4 + +
l0 .3
4 ASO 0 .93 0 .73
60 40 33 4 .8 + + 15 3 .1
VPS
5 ASO
1 .00 0 .44 79 0 75 4 .8 + -
1 .5 Prox . LPA,
Prox . RPA
6 PA debanding 0.75 0 .50 60 38 37 13
.6
+ -
3 1 .7 -
7 PA debanding 0.7 0 .41 65
35
4
11 .3 + - 5 .
-
JACC Vol . 14 . No .
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Figure . A, Lateral pulmonary arterio-
gram in a 6 month old patient demon-
strates narrowing (arrow) (PRE) of the
anastomotic site after the arterial switch
operation (left) with much improvement
after (POST) balloon dilation . B, Antero-
posterior pulmonary arteriogram (in the
same patient) demonstrates (arrow) proxi-
mal right pulmonary artery stenosis (left)
and enlargement after balloon dilation
(right) with left pulmonary artery narrow-
ing at its origin still evident in both images .
B
A
ically, there was marked improvement in the size of the
proximal right pulmonary artery (from 4
.6 to 7 mm) and the
size of the narrowest area in the main pulmonary artery
(from 4 .8 to 6 .8 mm) . There was a small tear at the junction
between the main and right pulmonary arteries (Fig . ) .
During the procedure, the patient developed incomplete
right bundle branch block, which did not resolve .
Dilations in the other four patients were unsuccessful
(Fig
. 3) . The reduction in gradient ranged from 1% to 33%,
and the postdilation peak systolic gradient remained high (40
to 58 mm Hg [mean 49 .8 ± 8.3] mm), as did the right
ventricle to aorta pressure ratio (0 .59 to 0 .9 [mean 0 .74 ±
0.13]) . There was no significant difference in the balloon/
pulmonary artery ratio between the successful and the
unsuccessful cases . In two of the patients with an unsuc-
cessful result, there was an additional gradient at the pulmo-
nary valve level and one of them had significant right
pulmonary artery stenosis
.
Three of the patients with an unsuccessful result under-
went surgical relief of the supravalvular pulmonary stenosis
PRE
PRE
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POST
POST
0 to 6 months after the attempted dilation procedure with
insertion of a pulmonary patch in two and a pulmonary
homograft in the other .
Supravalvular pulmonary stenosis at a previous pulmonary
artery band site (Table 4) . In these two patients, the right
ventricle to aorta pressure ratio was 0 .75 and 0 .7 , and the
peak systolic ejection gradient was 60 and 65 mm Hg,
respectively . The diameter at the narrowest sites in the main
pulmonary artery was 11
.3 and 13 .6 mm and the balloon/
stenotic lesion ratio was 1 .7 and . , respectively
.
On the basis of the described criteria, the procedures in
these patients were partially successful ; in one case, the
gradient reduction was associated with an apparent intimal
tear in the posterior vessel wall (Fig . 4) . The right ventricle
to aorta pressure decreased to 0 .5 and 0 .4, respectively, but
the percent gradient reduction was only 37% and 4 % and
the residual peak systolic ejection gradient was 38 and 35
mm Hg, respectively . Because these patients have a rela-
tively low right ventricle to aorta pressure ratio, they have
been followed up without surgery . As noted, one of these
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PRE
patients had already undergone attempted surgical repair for
the supravalvular pulmonary stenosis .
Discussion
Among patients who undergo repair of congenital heart
defects, there is a group with postoperative right ventricular
outflow obstruction significant enough to require reoperation
(1-1 ) . The increased experience with balloon dilation tech-
niques (13-17) has encouraged us to evaluate the potential of
this procedure to postpone surgical intervention in different
groups of patients with such obstructions .
Valved conduit obstruction . Late follow-up studies of
patients with a valved conduit have shown that reoperation
for graft obstruction will likely be required for a significant
proportion of these patients (1-5) . In our experience, it was
noted that the actuarial freedom from conduit replacement
was 81% at 5 years, 61% at 7 years and 0% at 10 years, with
no difference between patients with a Carpentier-Edwards or
Hancock conduit (4) . It is now further apparent that aortic
homografts also become obstructed, but probably at lower
PRE
POST
POST
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Figure 3 . Lateral right ventricular cineangio-
gram in a 4 10/1 year old patient after the arterial
switch operation (PRE) demonstrates no change
in the discrete stenosis at the pulmonary anasto-
motic site after (POST) balloon dilation (arrow) .
rates than those of bioprosthetic valved conduits ( ,5) .
Conduit failure is usually secondary to valvular degenera-
tion, valvular calcification and neointimal peel formation .
Follow-up studies have shown that, in most patients, ob-
structions occur at multiple levels within the conduit and are
progressive ( ,4, 1- 8). The results of surgical replacement
are considered satisfactory and are associated with low
morbidity and mortality (4, 8) .
Recent reports suggest that balloon dilation may be a
useful nonsurgical modality to postpone surgical replace-
ment. Lloyd et al . (18) reported on six asymptomatic pa-
tients aged 8 to 0 years with severe conduit stenosis (four
porcine valved conduits and two irradiated aortic ho-
mografts) with a peak to peak systolic pressure gradient of 6
to 100 mm Hg (mean 79) and a right ventricle to aorta
pressure ratios of 7 % to 110%. Dilations were successful in
three patients, who had a respective residual gradient of 0,
5 and 35 mm Hg, and were unsuccessful in two . Waldman
et al. (19) reported on four children who underwent balloon
dilation of a porcine valve in the pulmonary position 10 to 4
months after valve insertion and noted that distal obstruction
Figure 4 . Lateral pulmonary arteriogram
demonstrates severe stenosis in the main
pulmonary artery at a previous band site
(left, arrow) (PRE) . After dilation (POST)
there is a tear inferiorly (right, arrow) and
significant enlargement of the stenotic area .
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at the conduit-branch pulmonary artery connection became
apparent after dilation of the valve and required dilation as
well . Conduit replacement was carried out in one child
because of an unsuccessful attempt to dilate a severe right
pulmonary artery stenosis . Pelikan et al . ( 0) reported a
successful double balloon angioplasty of a stenotic modified
Fontan aortic homograft conduit . They used two 10 mm
balloon catheters with an effective dilation diameter of 16 .4
mm to dilate a stenotic 5 mm distal anastamosis .
Our results with balloon dilation of hioprosthetic valved
conduits have been less than ideal . We had only three
clearly successful procedures among nine patients . Even
among these three patients, one underwent conduit replace-
ment <11 year after the procedure . The reasons for less than
satisfactory results are not fully understood . Limitation of
the maximal balloon size by the valve ring is surely impor-
tant. Balloon dilation may work in these patients by fracture
of valvular nodular calcification or plastic deformation of
rigid valve cusps . Apparently the balloon dilation procedure
did not cause permanent deformation of these valves . The
unmasking of more distal obstructions is also important .
Even in the successful cases the duration of benefit is
unknown . Although balloon dilation is only occasionally
successful for bioprosthetic valved conduit obstruction, it
may be appropriate to attempt balloon dilation of these
valves when replacement appears necessary in teenagers or
young adults. Even a mild reduction in right ventricular
pressure or right-sided heart failure may decrease the risk of
surgery, but may not delay it significantly .
Supravalvular stenosis after the arterial switch operation .
In recent years, the arterial switch operation has become an
established alternative to intraatrial repair for transposition
of the great arteries (6-8, 9-31). In our early experience (31),
the most frequent postoperative hemodynamic abnormality
was supravalvular pulmonary stenosis . At elective cardiac
catheterization at 6 months, in 100 survivors of the arterial
switch operation, significant supravalvular pulmonary steno-
sis at the anastomotic site (peak systolic gradient (>_60 mm
Hg) was present in seven patients . Two types of pulmonary
stenosis were identified : 1) "tension" on the anastomosis
with anteroposterior flattening of the main pulmonary artery
and branch pulmonary artery, and ) circumferential narrow-
ing at the suture line in the neopulmonary artery anastomo-
sis . In the present study, our only success in five attempts
with balloon dilation was in one of the latter . To our
knowledge, there are no previous reports of balloon dilation
in patients after the arterial switch procedure . The reason for
the low success rate is unclear. Although our experience is
limited and our success rate is low, it is perhaps worthwhile
to attempt balloon dilation in the hope that it will defer
reoperation . Our results are similar in two patients with
residual narrowing of the pulmonary artery after debanding
and repair of the primary defect ; as noted previously with
ZEEVI ET AL .
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branch pulmonary arteries, gradient reduction is frequently
associated with evidence of intimal tears .
Conclusions . Our experience with balloon dilation of
postoperative right ventricular outflow tract obstruction is
limited, and follow-up is brief . The data nonetheless indicate
that the success rate (40%) is much lower than that for other
right heart obstructions . However, given the absence of
significant complications, we, hoping to defer surgical inter-
ventions, continue to attempt balloon dilation in patients
whose obstruction is not primarily due to pseudointimal peel
formation .
We thank Claudia M . Bertoli for assistance in preparing the manuscript .
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